Maintenance of the mitochondrial proteome depends on import of newly made proteins from the cytosol. More than half of mitochondrial proteins are made as precursor proteins with N-terminal extensions called presequences and use the TIM23 complex for translocation into the matrix, the inner mitochondrial membrane and the intermembrane space (IMS). Tim50 is the central receptor of the complex that recognizes precursor proteins in the IMS. Additionally, Tim50 interacts with the IMS domain of the channel forming subunit, Tim23, an interaction that is essential for protein import across the mitochondrial inner membrane. In order to gain deeper insight into the molecular function of Tim50, we used random mutagenesis to determine residues that are important for its function. The temperature-sensitive mutants isolated were defective in import of TIM23-dependent precursor proteins. The residues mutated map to two distinct patches on the surface of Tim50. Notably, mutations in both patches impaired the interaction of Tim50 with Tim23. We propose that two regions of Tim50 play a role in its interaction with Tim23 and thereby affect the import function of the complex.
. Mitochondrial precursor proteins that contain positively-charged amino terminal presequences are recognized and handled by the TIM23 complex (Translocase of the Inner Mitochondrial Membrane). The TIM23 complex imports essentially all proteins targeted to the matrix and some proteins targeted to the inner membrane and the inter membrane space (IMS) 1, 2 . Interestingly, two outer membrane proteins, Om45 and Mcp3, are inserted into the outer membrane by a novel mechanism that also involves the TIM23 complex [3] [4] [5] . The core of the TIM23 complex is composed of three essential inner membrane proteins Tim23, Tim50 and Tim17. Tim23 fulfills two important functions: it binds presequences in the IMS and, likely together with Tim17, forms the membrane potential-dependent translocation channel [6] [7] [8] . Tim23 and Tim17 are tightly associated with each other, forming a platform to which other components of the translocase are recruited 9, 10 . Two additional, membrane-embedded subunits of the TIM23 complex are the nonessential proteins Mgr2 and Tim21 that have a role in the lateral insertion into the mitochondrial inner membrane and also appear to link the TIM23 complex with the respiratory chain complexes [11] [12] [13] . In addition to these five subunits which enable the initial translocation step, the TIM23 complex contains a matrix-exposed import motor (also known as PAM -Presequence translocase Associated Motor). The import motor, consisting of the Hsp70 chaperone and its regulating subunits, completes translocation across the inner membrane in an ATP-dependent manner 14 . Tim50 is anchored in the inner membrane with a single transmembrane segment and exposes a large domain in the IMS. It functions as the primary presequence receptor for incoming precursors that directs them to the Scientific RepoRts | (2019) 9:2012 | https://doi.org/10.1038/s41598-018-38353-1 channel in the inner membrane [15] [16] [17] [18] [19] [20] . Tim50 also appears to play a role in maintaining the permeability barrier of the mitochondrial inner membrane 21 . The IMS domain of yeast Tim50 can be divided into the core domain (amino acid residues 164-361) and the presequence-binding domain (PBD -amino acid residues 395-476). The core domain was crystallized and demonstrated to interact with Tim23 and Tim21
22
. The PBD can be crosslinked to presequence peptides and may also mediate the interaction with Tom22, a receptor subunit of the TOM complex [15] [16] [17] [18] 22, 23 . PBD is not the only presequence-binding domain on yeast Tim50. Also the core domain was shown to interact on its own with presequences 17 . Though each domain exhibited a relatively high affinity for presequences, a single interacting site is obviously not sufficient to support the function of Tim50 17 .
Transfer of precursor proteins from the TOM complex to the translocation channel of the TIM23 complex in the inner membrane strictly depends on the interaction between IMS-exposed domains of Tim50 and Tim23 16, 19, 20, [24] [25] [26] [27] [28] . Mutations of Tim23 and Tim50 that disrupt the interaction between the two proteins lead to temperature-sensitive (ts) growth defects and impair translocation of proteins through the TIM23 complex 20, 24 . Thus, the interaction of Tim50 with Tim23 is important both for its receptor function and for the efficient transfer of precursor proteins from the TOM complex to the TIM23 complex 20, 24 . Mutational analysis of the IMS domain of Tim50 that mediates its interaction with Tim23 has been the subject of two studies 16, 24 . These studies reached different conclusions regarding the amino acid residues that are important for the interaction 16, 24 . The first study reported that the triple mutant, L279S/L282S/L286S, exhibited a ts growth phenotype and displayed impaired interaction with Tim23 24 . In the second study, the crystal structure of the core domain of Tim50 was solved. It showed that these three residues are buried deep in the hydrophobic core of Tim50, potentially causing destabilization of the molecule 16, 24 . In the same report, the authors suggested that two amino acid residues of Tim50, R214 and K217, mediate the Tim23-Tim50 interaction, since mutating these residues resulted in reduced binding of the two proteins 16 .
In the present study, we used random mutagenesis, as an unbiased approach, to gain deeper insight into the interactions of Tim50 with its partner proteins. Notably, all of the identified Tim50 mutants exhibited impaired interaction between Tim50 and Tim23. Our results indicate that two highly conserved but distinct regions of the IMS-exposed domain of Tim50 play a role, directly or indirectly, in the interaction of the protein with Tim23 and thereby are crucial for the function of the TIM23 complex.
Results
Isolation and characterization of temperature-sensitive Tim50 mutants. To identify residues of Tim50 that affect its function in an unbiased way, we sought to generate mutations that cause temperature-sensitive (ts) growth of yeast cells. To this end, we generated a library of random mutants on the sequence of the mature form of Tim50. Six out of approximately 2000 screened colonies showed a ts growth phenotype. The amino acid residues altered in the individual mutants are listed in Table 1 . Notably, all of the mutants harbored substitutions in more than one amino acid residue. In an attempt to identify residues that are directly responsible for the ts phenotype, we first analyzed mutants #1 and #2 that contained five substitutions each. We chose to study the most conserved and reasonably surface-exposed residues (V274 and R218 in these mutants, respectively). In addition, we studied residue L202 that was mutated in both mutants. The growth phenotypes of all single mutants chosen were indistinguishable from that of wild type (WT) cells (data not shown) and therefore, mutants #1 and #2 were kept in their original form. With mutants #3 to #6, we cloned all possible combinations of amino acid residues derived from the original mutants. For example, with mutant #4, only the combination of mutations affecting both residues N283 and D293 led to temperature-sensitive growth ( Supplementary Fig. S1 ). Based on such observations, we focused our further experiments on the two mutants that contained five substitutions (mutants #1 and #2), on three double mutants, D278V/R339S (derived from mutant #3), N283Y/D293N (derived from mutant #4) and A221D/D337V (derived from mutant #5), and on one single mutant L194H (derived from mutant #6) ( Table 1 ). All mutants exhibited strong growth defects both on glucose-and on glycerol-containing media at 37 °C (Fig. 1A) .
We examined whether the various ts mutants accumulate the precursor form of the mitochondrial matrix protein Hsp60, an indicator of the mitochondrial protein import defect 9 . To this end, yeast cells were grown at 37 °C and total cell extracts were analyzed by SDS-PAGE followed by immunoblotting with antibodies against Hsp60. Increased levels of the precursor form of Hsp60 were observed in all ts mutants examined (Fig. 1B) . The import defects observed in vivo were also seen when in vitro import into isolated mitochondria of various TIM23 substrates was analyzed ( Supplementary Fig. S2 ). Taken together, these results suggest that impaired protein import into mitochondria is the cause of the observed growth defect. We reasoned that the ts mutations may impair the interaction of Tim50 with Tim23. Mitochondria, expressing either WT or His-tagged versions of Tim50, were solubilized with digitonin and subjected to a pull down assay using Ni-NTA agarose beads. When mitochondria harboring His-tagged but otherwise wild type Tim50 were analyzed, as expected, in addition to the tagged protein two other core subunits, Tim23 and Tim17, were found in the bound fraction. Less efficient binding of Tim23 and Tim17 to Ni-NTA agarose beads was observed in mitochondria from the ts mutants (Fig. 1C) . The reduced binding was not due to the decreased levels of the proteins as an analysis of the mitochondrial profiles revealed no major differences between WT and mutant mitochondria ( Supplementary Fig. S3 ). None of the proteins bound to Ni-NTA agarose beads when WT mitochondria were analyzed, demonstrating the specificity of the assay.
We conclude that the observed growth and import defects are due to the impaired interaction between Tim50 and Tim23. Mapping of the identified mutations on the structure of Tim50. The availability of the crystal structure of the core domain of Tim50 22 enabled us to ask whether the mutations identified provide a means to define the binding site on Tim50 for Tim23. Except for residues L362 and S386 that are not present in the crystallized domain of Tim50, all other residues altered in the mutants identified could be mapped on the available structure. In mutants #1 and #2, mutations affected conserved residues that are buried within the hydrophobic core of the protein as well as non-conserved, surface-exposed residues (data not shown). Thus, the observed phenotypes of these mutants are likely the consequence of the mutations in the hydrophobic core of Tim50 that led to a profound alteration in the protein structure. Similarly, residue L194 mutated in the only single mutant identified, is present in the hydrophobic core of Tim50 (Fig. 2) and its mutation likely also led to a significant destabilization of the structure.
All residues mutated in the double mutants N283Y/D293N, A221D/D337V and D278V/R339S are highly conserved during evolution, with the exception of A221. They are also reasonably well surface exposed, except for A221 and D293. With the exception for D293, they all map to two conserved patches on the surface of Tim50, which we named patch A and patch B. Interestingly, within each mutant, the two altered residues are positioned at a considerable distance from each other, making it unlikely that they constitute a continuous, single Tim23-binding site (Fig. 2) . We therefore asked whether double mutations are required to interfere with Tim23 binding or single mutations would already suffice.
Single mutations are sufficient to impair the Tim23-Tim50 interaction. We analyzed the six positions mutated in N283Y/D293N, A221D/D337V and D278V/R339S double mutants. The six single mutants derived from these double mutants displayed normal growth (Fig. 3A) . They also showed no obvious import defect in vivo (Fig. 3B) and in vitro for most of the TIM23 substrates analyzed (Supplementary Fig. S2) . Notably, when Tim50-Tim23 interaction was examined in a Ni-NTA pull-down assay, one single mutant derived from each double mutant showed impaired interaction with Tim23. The single mutants with impaired Tim50-Tim23 interaction were A221D, D278V and D293N. The remaining three mutants exhibited interactions that were similar to that of the WT protein (Fig. 3C) . We further used an in vitro crosslinking assay that we previously established to analyze the interaction between Tim23 and Tim50 20 . Briefly, the recombinantly expressed and purified IMS domains of Tim50 and Tim23 were incubated together in the presence of the crosslinker DSS followed by the analysis of the crosslinking products using SDS-PAGE (Fig. 4) . We observed no difference in the crosslinking efficiency between Tim50 IMS and Tim23 IMS when the Tim50 N283Y and Tim50 R339S mutants were analyzed. In contrast, mutations A221D, D278V and D293N reduced the efficiency of the crosslinking between Tim50 IMS and Tim23 IMS (Fig. 4) . The identity of the Tim50-Tim23 crosslink, shown by CBB staining in Fig. 4 , top panel, was confirmed by immunoblotting using antibodies against Tim50 (Fig. 4, middle panel) and Tim23 (Fig. 4, bottom panel) .
Taken together, both in organello and in vitro analyses suggest that A221D, D278 and D293 are involved, directly or indirectly, in the Tim23-Tim50 interaction. Thus, yeast cells can tolerate, to a limited degree, destabilization of the Tim23-Tim50 interaction in a manner that does not affect their ability to grow at higher temperatures and does not severely affect import efficiency of mitochondrial proteins. (C) Tim23-Tim50 interaction in the indicated strains was analyzed using pull down assay with Ni-NTA agarose beads essentially as described in Fig. 1C . T, 10% of total material. B, 100% of bound material. As an example, binding of Tim23 to Ni-NTA agarose beads using D278V/R339S double mutant and its corresponding single mutants was quantified as described in Fig. 1C . Two patches on Tim50 are involved in its binding to Tim23. Is it possible that the two distant patches on Tim50 play a role in its interaction with Tim23? If so, then mutating two residues together that each affect Tim23 binding, one from each patch, should destabilize the Tim50-Tim23 interaction even further so that an obvious growth and import phenotypes should become visible. To test this, we created a strain that carries the double mutation A221D, D278V (Fig. 5) . The mutant indeed did not grow at 37 °C (Fig. 5A) , the precursor form of Hsp60 accumulated in vivo (Fig. 5B ) and the interaction with Tim23 was abolished (Fig. 5C ). In summary, these results suggest that the two surface-exposed patches on Tim50 are involved, directly or indirectly, in its interaction with Tim23.
Discussion
In the present study, we set up a system for identifying temperature-sensitive mutants of Tim50 as a tool for revealing functionally important residues in this protein. We show that in all mutants identified in the screen, the interaction of Tim50 with Tim23 was impaired and import of mitochondrial proteins via the TIM23 complex was reduced. Based on the crystal structure, the residues comprising the three double mutants, N283Y/D293N, A221D/ D337V and D278V/R339S, map to two patches. Surface conservation analysis showed that these two patches are highly conserved, further supporting the notion of their importance (Fig. 2) . Intriguingly, the two patches map closely to the residues previously identified by Tamura et al. and Qian et al. 16, 24 (Fig. 6) . Thus, the unbiased screen performed here reconciles the seemingly conflicting data reported previously. Apparently, both patches play an important role in Tim50-Tim23 interaction. In patch A, A221 is located within the region close to residues R214 and K217 identified by Qian et al. 16 ( Fig. 6A) . How can the A221D mutation trigger dissociation of the Tim23-Tim50 complex? The available crystal structure suggests that residue D222 forms a salt bridge with the nearby residue K217 (Fig. 6A) . A221 is not a very well conserved residue, however, its mutation to an aspartate introduces an additional negative charge in the region, potentially causing a repulsion between two negative charges and thereby changing the surface of this region into a conformation that is not conducive to Tim23 binding (Fig. 6A) . On the opposite side of the Tim50 molecule, in patch B, we mapped residues D278, N283, D337 and R339 (Fig. 6B) . They are in proximity of residues L279, L282 and L286 identified by Tamura et al. 24 . Among these residues, D278 may participate directly in the interaction of Tim50 with Tim23, whereas D337 and R339 appear to play a minor role in the interaction. Deep in a groove between the two patches, we identified residue D293 (Fig. 6C) . The available crystal structure suggests that it forms a salt bridge with K277. Removing the negative charge by the D293N mutation possibly leads to an altered conformation of Tim50 that is incompatible with Tim23 binding. Surprisingly, single mutations A221D, D278V and D293N, that destabilize the Tim23-Tim50 interaction, are well tolerated by yeast cells. Destabilization of Tim23-Tim50 interaction in these mutants is obvious upon solubilization of mitochondria and in crosslinking in vitro but not upon growth phenotype examination. Apparently, only drastic negative effects on the Tim23-Tim50 interaction will lead to growth and import defects in vivo, suggesting a high degree of plasticity of Tim23-Tim50 interaction. A possible explanation may be in the way we assessed the Tim50-Tim23 interaction, since we observed a severe destabilization of their interaction upon solubilization of mitochondria. Considering how unstable the TIM23 complex is after solubilization even with the mildest detergents available, this method possibly overestimates the impairment of Tim50-Tim23 interaction. In intact mitochondria, the native lipid environment and the other subunits of the complex may stabilize this interaction. Such additional, potentially stabilizing factors would be also absent in our crosslinking experiments performed with recombinant proteins.
How can two distinct patches that are far apart from each other play a role in the Tim50 interaction with Tim23? The ~10 kDa IMS domain of Tim23 is intrinsically disordered 20, 29 and, conceivably, due to its conformational flexibility, it can associate with multiple patches on Tim50. This view is supported by the fact that an NMR study identified several Tim50 binding sites on Tim23 25 . Furthermore, two different Tim23 subunits of the TIM23 complex could occupy two distinct binding sites on Tim50. The presence of Tim23 dimers potentially would speak for this scenario 20 . Two binding sites may also be used at different stages of protein translocation. The latter possibility is particularly appealing in the light of the many steps that need to take place in the IMS during the transfer of the precursor protein from the trans side of the TOM complex to the translocation channel of the TIM23 complex in the inner membrane.
Taken together, the data presented here reconcile two previous seemingly contradictory reports 16, 24 and indicate that two highly conserved but distinct patches of the IMS-exposed domain of Tim50 are involved, directly or indirectly, in the interaction of Tim50 with Tim23 and thereby are crucial for the function of the TIM23 complex. 
Methods
Plasmids, yeast strains and cell growth. A pGEM4 plasmid containing the sequence encoding the mature Tim50 was used as template for random and site directed mutagenesis. The resulting mutated nucleotide sequence was cloned into the centromeric yeast plasmid pRS315 containing the presequence of Tim50 followed by the His-tag, under the control of the endogenous TIM50 promoter and 3′UTR. The plasmids were transformed into a Tim50 plasmid shuffling strain. This strain carries a chromosomal deletion of Tim50 and a WT copy of TIM50 on a plasmid carrying a URA marker 30 . Cells were grown on synthetic media lacking leucine, containing 2% glucose (SCD (-Leu)) or on synthetic media containing 3% glycerol (SCG). Yeast strains for isolation of mitochondria were grown in lactate medium containing 0.1% glucose at 24 °C. (orange) identified in the screen here is close to residues R214 and K217 (both in cyan) that were previously implicated in Tim50 interaction with Tim23 by Qian et al. 16 . The inset depicts the electrostatic interaction between K217 and D222 that is likely changed by A221D mutation, see text for details. Amino group in the lysine side chain is shown in blue and two oxygen atoms in the carboxyl group of the aspartate side chain are shown in red. (B) Residues D278, N283, D337 and R339 (all in orange) mutated in ts mutants identified in the present screen map closely to residues L279, L282 and L286 (all in cyan) previously implicated in Tim50-Tim23 interaction by Tamura et al. Random mutagenesis and screening. A library of random Tim50 mutants was generated through error prone PCR on the sequence of mature Tim50, using MutazymeII DNA polymerase (Agilent technologies) according to the manufacturer's instructions. The reaction was carried out with forward primer 5′ GGATCCCAAAAAGAAACAAAAGACGAC3′, and reverse primer 5′AAGCTTTTATTT GGATTCAGCAATCTTC3′ on 300 ng target DNA (total reaction volume 50 μl). The resulting PCR products were digested with BamHI and HindIII and were ligated into the pRS315 vector described above. The Tim50 plasmid shuffling strain described above was transformed with the library. Transformants were patched on an SCD plate lacking uracil and leucine and were then replica plated on medium containing 5-fluoroorotic acid (5-FOA) to select for colonies that express only Tim50 encoded by pRS315 and have lost the URA plasmid. In order to find temperature sensitive mutants, the 5-FOA plates were replica plated on two SCD (-Leu) plates, one for the examination of growth at 30 °C and the other at 37 °C. Colonies exhibiting temperature sensitive growth were isolated and the coding region of Tim50 was sequenced.
Site-directed mutagenesis. Site-directed mutants were created according to the protocol of Agilent technologies, using the primers listed in Supplementary Table S1 .
Hsp60 precursor accumulation. A 5 ml yeast culture was grown in SCD (-Leu) at 30 °C until an OD 600 of 0.8. Subsequently, the culture was diluted in the same medium to an OD 600 of 0.1 and was grown at 37 °C until an OD 600 of 0.8 was reached. Total cell extracts were prepared by alkaline lysis. In this method, 1 ml of the cell culture was centrifuged (5 min, 800 x g) and the cell pellet was resuspended in 100 μl ice-cold lysis buffer (0.2 M NaOH, 0.5% (v/v) β-mercaptoethanol). After 30 min incubation on ice, 2 μl of 6 N HCl and 50 μl of 3X Laemmli buffer were added and the samples were incubated at 95 °C for 10 min. The accumulation of the precursor form of Hsp60 was analyzed by SDS-PAGE of the cell extracts (5 μl) using a 12% acrylamide gel followed by immunoblot with antibodies against Hsp60. Blots were visualized by the Odyssey Infrared Imaging System (LI-COR).
In vitro cross-linking of Tim23
IMs with Tim50 IMs . Tim50 IMS (10 µM) was incubated with or without Tim23 IMS (5 µM) in buffer containing 20 mM HEPES/NaOH, pH 7.4, 5% glycerol, 200 mM NaCl, 5 mM MgCl 2 and 50 mM KCl, for 10 min at room temperature. Cross-linking reactions were performed by addition of 1 mM DSS for 1 h at room temperature. Cross-linking adducts were analyzed by SDS-PAGE followed by CBB staining or by immunoblotting with antibodies against Tim23 or Tim50.
Miscellaneous.
Pull down experiments and protein purification were carried out as previously described 10, 20 . Standard protocols were used for SDS PAGE and Western blot analysis using the Odyssey Infrared Imaging System (Licor).
Data Availability
The datasets generated during and/or analyzed during the current study are available from the corresponding author on reasonable request.
